An optimized homopolar magnetizing fixture consisting of four magnetic pole pieces was developed with the aim of achieving a focused magnetic flux on the surfaces of Nd-Fe-B alloy-based permanent magnets, and thus enhancing the magnetic flux density. In this fixture, only the transverse pieces involved coils providing the same magnetic poles in response to a pulsed current. Rectangular anisotropic and isotropic bonded magnets as well as sintered magnets, having dimensions of 6 mm © 12 mm © 24 mm or 6 mm © 12 mm © 16 mm, were magnetized to multipoles using a prototype fixture in conjunction with a pulsed power source. As a result, the magnetic flux density perpendicular to the surface (B z ) was increased by 52% relative to that of conventional simple magnets containing the same volume of magnetic compound, with the front and back surfaces magnetized to opposite polarities. In addition, the B z polarities of both the front and back sides of the magnet were determined to correspond to N-poles. The distribution pattern of B z led us to conclude that the enhanced B z and the equal polarity on both sides can both be attributed to the cusp field resulting from the flux generated by the transverse coils of the magnetizing fixture.
Introduction
Nd-Fe-B alloy-based permanent magnets are found in the motors of electric vehicles and in almost all miniaturized magnetic actuators, such as those in optical pickup devices.
14)
To increase the range of applications of these devices, the development of cost-efficient magnetic materials with lower concentrations of Nd and/or the rare earth element Dy is required. As an example, some Nd-Fe-B-based bonded magnets have received significant attention since their price per volume is generally half that of sintered magnets made with the same compounds. However, the magnetic flux density (B) of bonded magnets is approximately 40% less than that of sintered magnets, potentially causing operational failure of devices to which they are applied. Therefore, technologies to enhance B are of great importance to industry, and the development of magnetic compounds with high B values has been recently pursued through the characterization of nano-structures and anisotropy. 5) Halbach has proposed the concept of permanent magnet arrays with focusing properties that augment the magnetic fields on one side of the array while cancelling the magnetic field on the opposing side. 6, 7) Since this method of increasing B on the basis of a magnet assembly is simple and eliminates the difficulties inherent in the characterization of new magnetic compounds, this technique may be expected to become a standard technology in industry. Unfortunately, the mass production of Halbach assemblies is subject to serious problems because the magnets require bonding using adhesives and/or fixtures.
For this reason, we previously developed a magnetizing process to achieve increased B values by focusing the magnetic poles on a part of the magnet plane, resulting in a 37% increase in B compared to conventional magnets. 8) However, our magnets still have an associated issue in that the intensity of B on one surface is unbalanced compared with that on the opposite surface. Moreover, we have not yet fully investigated the magnetic materials that are applicable to our process.
The present study was intended to determine the optimum magnetizing fixtures and materials for the enhancement of B, and to examine the enhancement mechanisms associated with specific patterns of B. In this work, the magnetizing fixture used in our new technique was improved, resulting in a 52% enhancement of B in the resulting anisotropic bonded magnets. This enhanced B value was also observed on both sides of the magnets.
Experimental Procedure

Magnetizing yoke structure
Figure 1(a) shows a schematic illustration of the magnetizing fixture designed in this study, while Fig. 1(b) presents a photograph of the entire magnetizing yoke apparatus. The magnetizing yoke consisted of transverse coils each formed from nine turns of 1.5 mm diameter Cu wires, together with longitudinal pole pieces that acted as return yokes. In this fixture, two coils were connected in series, so that both pole pieces were excited to the N-poles. A pulsed power source consisting of condenser banks was used to excite magnetic pulse fields in each coil, applying a pulse duration of 125 µs. Magnetic compound blocks (without magnetic poles) with dimensions of 6 mm © 12 mm © 24 mm or 6 mm © 12 mm © 16 mm ( Fig. 1(c) ) were placed in the air gap surrounded by these pole pieces, and a flux was generated from both transverse coils, as indicated by the dashed lines in Fig. 1(a) .
Materials and magnetizing process
Anisotropic bonded magnet blocks (ABs), isotropic bonded magnet blocks (IBs) and sintered magnet blocks (SMs) were selected as model materials in this study. Except for the IBs, uniaxial anisotropy was involved along the transverse direction of the magnetizing yoke, namely, easy axis (hard axis) was parallel to x ( y or z) direction (see Fig. 1(c) ). The respective magnetic properties of cylindrical test pieces of these same materials are reported to be B r μ 0.90 T and ® 0 H cJ μ 1.2 T for the AB material, B r μ 0.81 T and ® 0 H cJ μ 0.90 T for the IB material and B r μ 1.3 T and ® 0 H cJ μ 1.4 T for the SM material. Two different block sizes were employed; 6 mm © 12 mm © 24 mm and 6 mm © 12 mm © 16 mm, corresponding to aspect ratios of 2.0 and 1.3, respectively. In order to investigate the influences of the position in the magnetizing yoke, two and three blocks were simultaneously set and magnetized in one excitation in the case of the 6 mm © 12 mm © 24 mm and 6 mm © 12 mm © 16 mm blocks, respectively, and the upper image in Fig. 1(a) shows the AB blocks with 6 mm © 12 mm © 16 mm (2.0 aspect ratio) case. Conventional magnets made of each material were also prepared for comparison purposes.
Measurement of the surface flux density in the z direction (B z )
The tests were conducted in the following sequence. Initially, the magnet blocks were placed in the gap of the magnetizing yoke, after which magnetization occurred upon delivering an excitation pulse up to 17 kA. The materials were subsequently removed from the magnetizing yoke and the B z values were measured using a Hall probe to scan both the A and B planes, representing an area of 12 mm © 10 mm as shown in Fig. 1(c) .
Results and Discussion
Figure 2(a) shows the distribution pattern of B z on the surface of the x-y plane for a conventional AB block with outer dimensions of 6 mm © 12 mm © 24 mm. Here, the conventional AB corresponds to a magnet produced using an air core coil, that is, a conventional magnetizing process. A large, homogeneous B z pattern was evident in the region defined by x ² 3, with a maximum intensity of 0.20 T (open circles in Fig. 2(b) ). Although the data were not shown here, the opposite surface exhibited the same pattern, but with inverse polarity. The line profiles obtained from the conventional IB and SM blocks were provided in Fig. 2(b) and were similar to that of the conventional AB. In the case of these two blocks, large plateau profiles were also observed at x ² 3.
Figures 2(c) and 2(d) show the distribution patterns of B z over the A and B planes of an AB block magnetized by our newly developed process applying an excitation pulse current (I ex ) of 17 kA. Judging from the measurement of the total flux of the AB block using a flux meter, the block was believed to have been saturated at an I ex value of 17 kA. Both the A and B planes clearly exhibited focused, constant B z values along the x and y directions, respectively. Note that the patterns over both planes were similar and that both exhibit N polarization, which was not obtained in the case of the conventional magnet. Figure 2 (e) presents line profiles of B z along x at y = 0 for both the A and B planes of the AB, IB and SM blocks magnetized using our process. In the case of the AB block, the plateau regions disappeared and there was an onset of parabolic behavior with a significant enhancement of the peak intensity compared with that of the conventional AB block (see open circles in Fig. 2(b) ) even though the same body of material was used in both cases. The patterns and line profiles obtained from the IB block were also very similar to those of the AB magnet. In the case of the SM block, although a slight dip in B z was evident, possibly due to less than complete saturation, the B z peak intensity was also greater than that observed in the case of the conventional SM block (see open squares in Fig. 2(b) ). Figure 3 (a) summarizes the I ex dependence of the maximum B z values in both the A and B planes of the AB block. The maximum B z value evidently corresponded to the peak value of the line profile along x at y = 0, as shown in Fig. 2(e) . The B z of 0.22 T obtained from the conventional type magnet was indicated by the dashed line for comparison purposes. The maximum B z evidently increased monotonically with I ex in the case of an aspect ratio of 2.0, with the same values observed when employing the 1.3 aspect ratio. The fact that varying the aspect ratio had no effect suggests that our magnetizing process could potentially be employed to produce several magnets simultaneously in a single magnetization, and therefore could be used for mass production in the future. While B z was slightly less than the value of 0.22 T obtained from the conventional block at I ex = 5 kA that excites the magnetic field (® 0 H coil ) of 2.0 T at the edge part for one coil, B z values greater than 0.22 T were generated above I ex = 7 kA (® 0 H coil = 2.7 T). It should be noted that a B z of 0.34 T was observed at 17 kA (® 0 H coil = 6.6 T), corresponding to a 52% increase over the value obtained from the conventional magnet. In addition, the same poles appeared on both the A and B planes. This specific trend was also seen with the IB block (Fig. 3(b) ). In the case of the SM block, the maximum increase in B z was 23%, which was less than half the increase observed for the AB and IB magnets. This difference might be related to the dip pattern of the SM line profile (Fig. 2(e) ); since the ® 0 H cJ value for the SM block was greater than those for the AB and IB magnets, the SM block might be not have been fully saturated at an I ex exposure of 17 kA (® 0 H coil = 6.6 T). intensity pattern for (a) a conventional anisotropic bonded magnet (AB) magnetized using a conventional air core coil, and (c) and (d) the A and B planes, respectively, of the AB magnet as magnetized using our newly developed magnetizing yoke with an excitation current pulse (I ex ) of 17 kA, respectively. In addition, B z line profiles along x at y = 0 for the AB block, the isotropic bonded magnet (IB) and the sintered magnet (SM) magnetized by (b) a conventional air core coil and (e) our magnetizing yoke with I ex = 17 kA (both the A and B planes). When discussing the mechanism by which these enhanced B z values were generated, it is helpful to focus on two factors: the magnitude of the magnetization in the direction of the easy axis and the cusp field formed by the flux from the transverse coils. In the case of the AB and SM blocks, the crystallographic texture of the magnetic compounds was oriented along the transverse direction (x axis) of the magnetizing yoke, such that magnetization was promoted in this direction. The flux emanating from the two transverse coils thus both entered and faced the center of the magnet body as the result of the additional assist of the easy axis. Since a strong cusp field was returned in the longitudinal direction, a 52% increase in B z was observed in spite of the hard axis (Fig. 1(c) ). With regard to the IB block, even though anisotropy had less of a promotional effect, the same level of enhancement of B z was obtained as for the AB block. Although the mechanisms responsible for the effects demonstrated herein are not yet fully understood, we propose that the generation of only a cusp field to return yokes (without promotional effect by the easy axis) is the primary effect leading to an increased B z value in a body the size and shape of the IB magnet. It is therefore predicted that the effects of isotropy, including a lesser increase in the B z value of the IB block compared to that of the AB magnet, will become tangible in case of a longer gap length between the transverse yokes.
Conclusion
In this work, a homopolar magnetizing fixture was developed to balance the B z of both surfaces of magnet bodies and to obtain further increases in B z , effects that were not achieved in our previous study. The results of this work may be summarized as follows:
(1) A 52% increase in B z was achieved for the AB and IB blocks. (2) Although a lesser 23% enhancement was obtained in the case of the SM block, further increases could be expected following complete saturation. (3) Both surfaces of the magnets exhibited the same intensity and polarity. (4) The B z distribution pattern was found to be focused and constant in the x and y directions, respectively. These data indicate that the cusp field with the assist of easy axis, which was oriented to the longitudinal direction of our newly developed magnetizing yoke, could be efficiently enhanced due to focusing of the flux.
